Modellizzazione e controllo del sistema meccanico SEA by Donami, Mattia
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 F = Kx
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


I¨ q = −T ˙ q − K(q − θ) − Mglcos(q)
B¨ θ = −D ˙ θ − K(θ − q) + τ
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  σ = θ − q
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  x(t) = [x1,x2,x3,x4]T = [q,θ, ˙ q, ˙ θ]T.
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 

      
      
˙ x1 = x3
˙ x2 = x4
˙ x3 = −T
I x3 − K
I (x1 − x2) −
Mgl
I cos(x1)
˙ x4 = −D
Bx4 − K
B(x2 − x1) + 1
Bτ.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
x(0) = xe
τ(t) = ¯ τ =


 
 
 
 
 
 
 ,∀ t ≥ 0,
→ x(t) = xe, ∀ t ≥ 0.
 
 
 
 
 
 


 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
  [ ˙ x1, ˙ x2, ˙ x3, ˙ x4]T = [0,0,0,0]T
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
  ˙ x1 = x3 = 0
  ˙ x2 = x4 = 0
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  


0 = −K
I (x1 − x2) −
Mgl
I cos(x1)
0 = −K
B(x2 − x1) + 1
B¯ τ.
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 


 
  ¯ x2 = ¯ x1 + ¯ τ
K
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
¯ τ = Mglcos(x1).
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  ¯ x1 = arccos( ¯ τ
Mgl)+kπ, k ∈ Z
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  [0,π]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  k = 0
 
 
 
  k = −1
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  [0,π]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  (−π,0)
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
xeq =
 
arccos(
¯ τ
Mgl
) + kπ,arccos(
¯ τ
Mgl
) + kπ +
¯ τ
K
,0,0
 
, k ∈ {−1,0}.
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
  arccos(·)
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
|¯ τ| ≤ Mgl
 
 
 
 


 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
˙ xi = fi(x) ≃ fi(xeq) +
∂
∂x1
fi(xeq)(x1 − ¯ x1) + ...... +
∂
∂x4
fi(xeq)(x4 − ¯ x4)
˙ xi
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  fi(xeq)
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 

 

˙ x1
˙ x2
˙ x3
˙ x4

 
 =


 

 
 
 
 
 


∂f1
∂x1
∂f1
∂x2
∂f1
∂x3
∂f1
∂x4
∂f2
∂x1
∂f2
∂x2
∂f2
∂x3
∂f2
∂x4
∂f3
∂x1
∂f3
∂x2
∂f3
∂x3
∂f3
∂x4
∂f4
∂x1
∂f4
∂x2
∂f4
∂x3
∂f4
∂x4


 

 
 
 
 
 


(x=xeq)

 

(x1 − ¯ x1)
(x2 − ¯ x2)
(x3 − ¯ x3)
(x4 − ¯ x4)

 
 +

 

0
0
0
1
B

 
(τ − ¯ τ)
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  zi = xi − ¯ xi
  u = τ − ¯ τ
 
 


 
 
 
 
 
 
  ˙ zi = ˙ xi
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
˙ z = Fz + Nu
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 




˙ z1
˙ z2
˙ z3
˙ z4



 =

 
 
 



0 0 1 0
0 0 0 1
−K
I +
Mgl
I sin(¯ x1) K
I −T
I 0
K
B −K
B 0 −D
B

 
 
 



      
F




z1
z2
z3
z4



 +




0
0
0
1
B




      
N
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  ¯ x1
 
 
 
  arccos( ¯ τ
Mgl)
 
 
 
 
 
  arccos( ¯ τ
Mgl) − π
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  σ = θ−q
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1 −1 0 0
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  k = 0
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  B = 0.0575
 
 
 2
 
 
 
 
  D = 2.5185
 
 
 2
 
 
 
 
 
 
 
  M = 0.15
 
 
  l = 0.5
 
  g = 9.81
 
 
 2
 
I = 0.2156
 
 
 2
 
 
 
 
  T = 1.2
 
 
 2
 
 
 
 
 
 
 
  K = 200
 
 
 
 
 
 
  τ = 0.2
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
  τ(t) = ¯ τ = 0.2
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
|¯ τ| ≤ Mgl = 0.74
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  ¯ x1 = arccos( u
Mgl) =
1.2955
 
 
 
 
 
 
 
 
 

 

˙ z1
˙ z2
˙ z3
˙ z4

 
 =


 
 
 


0 0 1 0
0 0 0 1
3.28 − 4.64K 4.64K −5.56 0
17.39K −17.39K 0 −43.8


 
 
 


      
F
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 

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 +
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 (λI4 − F) = 0
 
 
 
 
  I4
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  4
 
 
 
 


 
 
 




 
 
 


s 0 −1 0
0 s 0 −1
−3.28 + 4.64K −4.64K s + 5.56 0
−17.39K +17.39K 0 s + 43.8


 
 
 




 
 
 


=
= s4 + 49.36s3 + (240.248 + 22.03K)s2 + (−143.684 + 299.92K)s
−57.039K.
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  n = 4
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 


 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 




 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 




 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 


 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 


 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 


 
 
4 1 240.248 + 22.03K −57.039K
3 49.36 −143.684 + 299.92K 0
2 243.17 + 15.95K −57.039K 0
1
4783.72(−0.4617 + K)(15.817 + K)
243.17 + 15.95K
0 0
0 −57.039K 0 0
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

          
          
1 > 0
49.36 > 0
243.17 + 15.95K > 0
4783.72(−0.4617 + K)(15.817 + K)
243.17 + 15.95K
> 0
−57.039K > 0
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 



K > −15.2458
K ∈ (−15.817,−15.2458) ∪ (0.4617,∞)
K < 0
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
  k = −1
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  ¯ x1 = arccos( u
Mgl) − π = −1.2955
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
  k = 0
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
 
 
 
 

0 0 1 0
0 0 0 1
−3.28 − 4.64K 4.64K −5.56 0
17.39K −17.39K 0 −43.8

 
 
 
 

      
F
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 (λI4 − F) = s4 + 49.36s3 + (246.81 + 22.03K)s2 + (143.66 + 299.92K)s + 57.04K
 
 
 
 
 


 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
4 1 246.81 + 22.03K +57.04K
3 49.36 +143.66 + 299.92K 0
2 243.9 + 15.95K +57.04K 0
1
4783.72(0.5+K)(14.68+K)
243.9+15.95K 0 0
0 +57.04K 0 0
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

         
         
1 > 0
49.36 > 0
243.9 + 15.95K > 0
4783.72(0.5+K)(14.68+K)
243.9+15.95K > 0
57.04K > 0
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 



K > −15.29
K ∈ (−15.29,−14.68) ∪ (−0.5,∞)
K > 0
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  K = 200
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 




 
 
 
 
 
 
 
 


 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  K = 200
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
4 1
3 49.36
2 3433.2
1 60004
0 −11419
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G(s) = H(sI − F)−1N
 
 
 


 
 


 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
(sI − F)−1 =
 
 
 (sI − F)
 
 
 (sI − F)
 
 
 
 
 
 
 
 
 
 
 
  4 × 4
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  N
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 


 
 
 
 
 
G(s)
 
 
1 −1 0 0
 

 

+
 
 
 (A1,1) −
 
 
 (A2,1) +
 
 
 (A3,1) −
 
 
 (A4,1)
−
 
 
 (A1,2) +
 
 
 (A2,2) −
 
 
 (A3,2) +
 
 
 (A4,2)
+
 
 
 (A1,3) −
 
 
 (A2,3) +
 
 
 (A3,3) −
 
 
 (A4,3)
−
 
 
 (A1,4) +
 
 
 (A2,4) −
 
 
 (A3,4) +
 
 
 (A4,4)

 


 

0
0
0
17.39

 

 
 
 (sI − F)
 
 
 
  Ai,j
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  i
 


 
 
 
 
 
  j
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
−17.39(
 
 
 (A4,1) +
 
 
 (A4,2))
 
 
 (sI − F) 
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  200
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

 
 
 


s 0 −1 0
0 s 0 −1
924.72 −928 s + 5.56 0
−3478 +3478 0 s + 43.8


 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 (A4,1) =
 
 
 


 




 


0 −1 0
s 0 −1
−928 s + 5.56 0


 




 


= −928
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 (A4,2) =
 
 
 


 




 


s −1 0
0 0 −1
924.72 s + 5.56 0


 




 


= s2 + 5.56s + 924.72
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 


 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
  s1 = 0.538,
s2 = −6.097
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
det(sI − F) = s4 + 49.36s3 + 4646.248s2 + 59840.316s − 11407.8
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
s1 = −17.449 + 61.966i,s2 = −17.449 − 61.966i,s3 = −14.65,s4 = 0.188
 
 
 


 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
G(s) =
−17.39(s + 6.097)(s − 0.538)
(s + 17.449 − 61.966i)(s + 17.449 + 61.966i)(s + 14.65)(s − 0.188)
=
=
−17.39(s + 6.097)(s − 0.538)
(s2 + 34.898s + 4144.253)(s + 14.65)(s − 0.188)


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  (+0.188)
 
 
 


 
 


 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  u(t) = δ−1(t)
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W1(s) =
C1(s)G(s)
1 + C1(s)G(s)
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
C1(s) = k ·
(s + z1)...(s + zm)
(s + p1)...(s + pn)
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  W1(s)
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
d(s) =
 
 
 (C1)
 
 
 (G) + k ·
 
 
 (C1)
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 n = m = 1
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  G(s)
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 


 
 


 
 
 


 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  W1(s) = kG(s)/[1 + kG(s)]
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  d(s)+kn(s)
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  C1G
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  C1 = k


 
  k > 0
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  G(s)
 C1(s) = k
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  G(s)
 C1(s) = k
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  k > 0
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